play a major role. The purpose of this study was to identify the bacteria associated with canine 28 gingivitis and periodontitis and to compare this with the normal oral flora. Swabs were obtained 29 from the gingival margin of three dogs with gingivitis and three orally healthy controls, and 30 subgingival plaque was collected from three dogs with periodontitis. Samples were subjected to 31 routine bacterial culture. The prevalent species identified in the normal, gingivitis and 32 periodontitis groups were uncultured bacterium (12.5% of isolates), Bacteroides heparinolyticus / 33
Pasteurella dagmatis (10.0%) and Actinomyces canis (19.4%), respectively. Bacteria were also 34 identified using culture-independent methods (16S rRNA gene sequencing) and the predominant 35 species identified were Pseudomonas sp. (30.9% of clones analysed), Porphyromonas 36 cangingivalis (16.1%) and Desulfomicrobium orale (12.0%) in the normal, gingivitis and 37 periodontitis groups, respectively. Uncultured species accounted for 13.2%, 2.0% and 10.5%, and 38 potentially novel species for 38.2%, 38.3% and 35.3%, of clones in the normal, gingivitis and 39 periodontitis groups, respectively. This is the first study to use utilise culture-independent 40 methods for the identification of bacteria associated with this disease. It is concluded that the 41 canine oral flora in health and disease is highly diverse and also contains a high proportion of 42 uncultured and, in particular, potentially novel species. 43 44 Keywords: canine periodontal disease / bacteria / microbiological culture / 16S rRNA / 45 polymerase chain reaction 46 47 48 Bacterial 16S rRNA genes were amplified by PCR using the universal primers 5′-108 CAGGCCTAACACATGCAAGTC-3′ (63f) and 5′-GGGCGGWGTGTACAAGGC-3′ (1387r) 109 (Marchesi et al., 1998) . PCR reactions were carried out in a total volume of 50 μL containing 5 110 μL of the extracted DNA and 45 μL of reaction mixture comprising 1 x GoTaq ® PCR buffer 111 (Promega, Southampton, UK) 1.25 units of GoTaq ® polymerase (Promega), 1.5 mM MgCl 2 , 0.2 112 mM dNTPs (New England Biolabs, Hitchin, UK), and each primer at a concentration of 0.2 μM. 113
The PCR cycling conditions comprised an initial denaturation phase of 5 min at 95ºC, followed 114 by 35 cycles of denaturation at 95ºC for 1 min, annealing at 58ºC for 1 min and primer extension 115 at 72ºC for 1.5 min, and finally a primer extension step at 72ºC for 10 min. (http://www.ncbi.nlm.nih.gow/BLAST). Clone sequences with at least 98% identity with a 175 known sequence from the database were designated the same species as the matching sequence 176 with the highest score. Clone sequences with less than 98% identity were tentatively classified as 177 putative novel phylotypes. 178 179
Statistical analysis 180
To determine whether the observed differences in the microflora between each of the three 181 groups were of statistical significance, a cross-tabulation using Fisher's exact test was performed. 182
A level of statistical significance was indicated by p<0.0167 (Bonferroni correction (Table 3) . 206
In total, 149 clones were analysed and 96 clones were sequenced across the three gingivitis 207 samples. The bacteria identified (24 phylotypes) are grouped according to species in Table 2 . The 208 predominant species was Porphyromonas cangingivalis (16.1% of clones analysed). Uncultured 209 species (two phylotypes) accounted for 3 (2.0%) of clones analysed. Fifty-seven (38.3%) of 210 clones analysed (15 phylotypes) represented potentially novel species (Table 3) . 211
Analysis of the three periodontitis samples resulted in 133 clones being analysed and 109 212 clones being sequenced. The bacteria identified (20 phylotypes) are grouped according to species 213 in Table 2 . The predominant species was Desulfomicrobium orale (12.0% of clones analysed). 214
Uncultured species (four phylotypes) accounted for 14 (10.5%) of clones analysed. Forty-seven 215
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Statistical analysis 217
In order to determine if the differences in the microflora observed in each of the three groups 218 was statistically significant, a three-way comparison between groups using cross-tabulation with 219 a Fisher's exact test was performed for the data presented in Tables 1-3.  220 For bacteria identified by culture-dependent methods (Table 1 ) statistically significant 221 differences were observed between the gingivitis and periodontitis groups (p=0.0090) and the 222 normal and periodontitis groups (p=0.0043). However, no statistical difference was observed 223 between the normal and gingivitis groups (p=0.181). 224
For known bacteria identified by culture-independent methods (Table 2) statistically 225 significant differences were observed between all three groups (p<0.000001). 226
For potentially novel bacteria identified by culture-independent methods (Table 3) , 227 statistically significant differences were observed between all three groups (p<0.00020). 228 229
Discussion 230 231
Canine periodontal disease is one of the most common infectious diseases of companion 232 animals and is characterised by gingival inflammation and tooth loss (Hennet & Harvey, 1992; 233 Harvey, 1998). Black pigmenting anaerobic bacteria, in particular Porphyromonas and Prevotella 234 species, have been isolated from the periodontal pockets of dogs with periodontal disease 235 (Watson, 1994; Gorrel and Rawlings, 1996) . Isogai et al. (1999) A c c e p t e d M a n u s c r i p t
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Porphyromonas denticanis) associated with the disease have also been described (Collins et al., 240 1994; Hirasawa and Takada, 1994; Love et al., 1994; Fournier et al., 2001; Hardham et al., 2005) . 241
Our current study is the first to use molecular cloning and sequencing of bacterial 16S rRNA 242 genes, in addition to conventional microbiological culture methods, to identify the bacteria 243 associated with canine gingivitis, periodontitis and oral health. Given the relatively small number 244 of samples analysed, it was not possible to age-and sex-match the animals used in the study, 245 although this would be desirable in future large-scale studies. Despite the relatively small number 246 of samples analysed in each group in our current study, clear correlations were seen to emerge 247 between disease status and the prevalence of specific bacterial species, and differences in the 248 microflora between the three groups was statistically significant. The most prevalent species 249 found in the normal, gingivitis and periodontitis groups were Pseudomonas sp.
(30.9%), 250
Porphyromonas cangingivalis (16.1%) and Desulfomicrobium orale (12.0%), respectively. 251
Porphyromonas cangingivalis was first isolated from cases of canine periodontitis (Collins et al., 252 1994) and Desulfomicrobium orale has been isolated from cases of human periodontitis 253 (Langendijk et al., 2001 ). Other prevalent species identified included Porphyromonas canoris, 254
Tannerella forsythensis and Capnocytophaga cynodegmi (gingivitis), and Actinomyces sp. and 255

Capnocytophaga cynodegmi (periodontitis). The association of Tannerella forsythensis with 256
human periodontal disease is well documented, Capnocytophaga cynodegmi is found in the oral 257 cavity of the vast majority of dogs (van Dam et al., 2009) and Porphyromonas canoris has been 258 isolated from canine dental plaque samples (Allaker et al., 1997) . Culture-independent methods 259 showed that microbial diversity was similar in all three groups (19 to 24 phylotypes). Uncultured 260 bacteria were found at a higher proportion in the normal samples (13.2%) compared to the 261 gingivitis (2.0%) and periodontitis (10.5%) samples. Potentially novel species were found at high 262 proportions in all three groups (35.3% to 38.3%), a finding that is unsurprising when onePage 12 of 22 A c c e p t e d M a n u s c r i p t 12 considers that this is the first study to use culture-independent methods to identify bacteria in the 264 canine oral cavity. However, sequencing of the entire 16S rRNA gene would be required to 265 confirm these species as being novel. 266
The finding that Pseudomonas sp., Porphyromonas cangingivalis and Desulfomicrobium 267 orale were the predominant species identified by culture-independent methods in the normal, 268 gingivitis and periodontitis samples, respectively, is not corroborated by the culture data 269 obtained. However, some concordance does exist between the data since some species were 270 detected by both identification methods (three, nine and five species in the normal, gingivitis and 271 periodontitis samples, respectively). In addition, previously uncultured bacteria were identified 272 by both methods in all three groups. However, many bacteria were identified by culture-273 independent methods but not by culture methods. A possible explanation for this anomaly is the 274 use of standard culture media and incubation conditions, which were adopted to ensure that as 275 many different types of bacteria as possible were cultured. However, this approach may not have 276 been suitable for the culture of many species, particularly those with fastidious growth 277 requirements. Consequently, we advocate that culture-independent methods should be used in 278 conjunction with conventional culture methods in order to identify the total microflora in clinical 279 samples. Conversely, some bacteria isolated by culture methods were not identified by culture-280 independent methods. The most likely explanation for this additional anomaly is PCR primer 281 bias, which is caused by self-annealing of the most abundant templates in the late stages of 282 amplification (Suzuki and Giovannoni, 1996) or as a result of differences in the amplification 283 efficiency of different templates (Polz and Cavanaugh, 1998) . This results in the differential 284 amplification of PCR products, leading to an inaccurate reflection of the true numbers of species 285 present within the sample. Boyce, E.N., Ching, R.J.W., Logan, E.I., Hunt, J.H., Maseman, D.C., Gaeddert, K.L., King, C.T., 308 
